Abstract In this research, a large-scale inexact optimization method was developed for the conjunctive use management of a watershed-lake water distribution system. The modeling framework has the advantages in taking into account the water balance of multi-reservoirs, satisfying the municipal industrial and agricultural water demands in the multi-period context, reflecting the relationship among multi-reservoirs, multiple water related projects, and maintaining the operational rules of certain lake levels. Moreover, such a method can also handle the uncertainty expressed as fuzzy membership functions through integrating the fuzzy credibility chance-constrained programming. The developed method was applied to the conjunctive use management of water resources in the lake Dianchi watershed, China. Cost-effective water allocation schemes for the groundwater project and the water transfer project, and optimal operational rules for the lake and multiple reservoirs were successfully obtained. Also, the annual water balance of the watershed-lake system and the system cost of the conjunctive water use were investigated and analyzed under multiple credibility levels of meeting the water demands for municipal, industrial and agricultural users.
Introduction
In many present catchment watersheds, due to the increasing demands for water resources and the associated excessive withdrawal, conditions of natural water systems have been gradually deteriorated (Tabari and Yazdi 2014) . If this status is not wisely managed, in the near future, the shortage of water resources in many areas will be significantly worsened. More recently, conjunctive use of water resources is one of the most effective ways to develop water allocation policies, which can provide a stable agreement among water users, and maximize the efficient use of available water resources (Chen et al. 2013; Parsapour-Moghaddam et al. 2015) . In this case, identification of the optimal conjunctive water use schemes is desired to harmoniously consider economic, physical, environmental and social objectives and/or constraints. However, such a process is fraught with complexities due to the multi-period, multiresource, and multi-user feature of the water system within a specific watershed. This leads to many challenges for watershed managers. Therefore, incorporation of various complexities within a general conjunctive water use management framework is desired.
Previously, a variety of optimization models have been widely applied to identify operating strategies for conjunctive use of water resources (Montazar et al. 2010 ). For example, Jafarzadegan et al. (2014) introduced the dynamic programming model for optimal operation of inter-basin water transfer systems by conjunctive use of surface water in a water-donor basin and groundwater in a water-receiving basin. Based on a linear objective function and nonlinear constraints, Chiu et al. (2010) analyzed an optimal pump and recharge strategy for a planned conjunctive-use project to remove high concentration nitrates, while maintaining desired groundwater tables in a number of specific locations for meeting their water demands. Chen et al. (2014) used a linear programming model for supporting large-scale conjunctive use of surface water and groundwater, where the objective was to maximize public and irrigation water supplies that were subject to groundwater-table drawdown constraints. Based on the real coded genetic algorithm, Fowe et al. (2015) optimized the conjunctive water use for a coupled reservoir-groundwater system, considering five factors including water demand, water storage, crop water productivity, downstream ecosystem, and water use cost. These studies reveal that the conjunctive use has become increasingly sophisticated and integrated with many other water management techniques, such as water demand management, aquifer reclamation, reservoir operation, and water transfers. However, the current research focuses on the conjunctive water use for many river watersheds, and neglects the actual water interaction between watersheds and lakes. Thus, for the conjunctive water use management of watershed-lake water distribution systems, the current research cannot consider the balance of water supply and demand and reflect dynamic water balance of lakes/rivers.
In practice, the conjunctive use of water resources cannot always produce feasible outcomes, due to the large number of uncertainties that exist in many system components and their interrelationships (Jafarzadegan et al. 2014; Safavi et al. 2013) . For instance, because of the incompleteness and/or unavailability of required information, a number of inputs and parameters (e.g., the allowable water deficiency ratio) may be expressed as fuzzy membership functions, which can hardly be tackled by conventional optimization approaches (Cai et al. 2009; Tan et al. 2011) . Instead, fuzzy possibilistic programming, a category of fuzzy mathematical programming, can effectively reflect vagueness and ambiguity by using the possibility to measure the occurrence chance of a fuzzy event (Karsak and Kuzgunkaya 2002; Cai et al. 2011a, b; Hu et al. 2014) . Previously, Iwamura and Liu (1998) developed a fuzzy chance-constrained programming method through using a possibility to measure the occurrence chance of any fuzzy events. Comparatively, Huang (2006) developed a fuzzy credibility chance-constrained programming (FCCP) model through extending the stochastic chance-constrained programming idea to the fuzzy environment based on credibility measure averaging of the possibility and necessity measures. Zhang and Huang (2011) applied the FCCP model to support long-time water resource planning. However, few application of FCCP to reflect and tackle the uncertainties associated with conjunctive water management at the watershed scale has been reported.
Therefore, the objective of this study is to develop a large-scale inexact optimization method for the conjunctive use management of a watershed-lake water distribution system. The modeling framework has the advantages in taking into account the water balance of multireservoirs within the watershed-lake water distribution system, satisfying municipal, industrial and agricultural water demands, and improving natural conditions of the lake. Such a method can also handle the uncertainty expressed as fuzzy membership functions through integrating fuzzy credibility chance-constrained programming. Then, the developed method will be applied to the conjunctive management of water resources in the lake Dianchi watershed, China. Cost-effective water allocation schemes for projects of groundwater and water transfer, and optimal operational rules for the lake and multiple reservoirs are to be investigated and analyzed under multiple credibility levels of meeting the water demands for municipal, industrial and agricultural users in the watershed.
Methods and Materials

Overview of the Study System
Lake Dianchi watershed is located in the east of Yunnan Province, China (Fig. 1 ). It's surface area covers approximately 2920 km 2 (Dai et al. 2016) . The study area includes four administrative districts (i.e., downtown Kunming, Guandu, Chenggong and Jinning districts). Over the past several years, water demands from the municipal user for drinking, industrial user for production and agricultural user for irrigation, have rapidly increased due to the rapid population increase and economic development . In 2010, the total population, industrial production and irrigation area of the study area were approximately 3.35 million, $6.54 × 10 9 , and 159.9 × 10 6 m 2 , respectively. Table S1 of the supplementary material presents monthly water demands for drinking, production and irrigation in the four districts. On the other hand, with the improper development and pollution discharge modes, water shortage may become a growing problem. Also, water per capita in the lake Dianchi watershed is less than 300 m 3 , which can be considered as a water-shortage area. Generally, the allowable water deficiency ratio is assigned by the Kunming Water Affairs Bureau, which has a feature of fuzziness. In this research, the allowable water deficiency ratios for drinking, production and irrigation can be acquired through introducing triangle fuzzy sets as (0.01, 0.05, 0.1), (0.05, 0.1, 0.15) and (0.2, 0.25, 0.3), respectively. Figure 2 shows the water distribution system of the lake Dianchi watershed. Four types of water resource projects, including water transfer, reservoir storage, groundwater, and water lifting projects, are used to solve the unbalance problems between supply and demand of water resources in the watershed. The water diversion pipe of Zhangjiuhe water transfer project is from Zhangjiuhe river to downtown Kunming. The water diversion pipe of Niulanjiang water transfer project is from Niulanjiang river to lake Dianchi. The water diversion pipe of Qingshuihai water transfer project is from Qingshuihai reservoir to downtown Kunming, Guandu and Chenggong districts. , respectively. Eight reservoirs (i.e., SH, BX, GL, SM, HC, SL, CH, and DH) can control 1029 km 2 drainage area to storage the water for irrigation, drinking and industry, and the released water into the lake Dianchi. Table S2 of the supplementary Fig. 1 Location of study area material shows the parameters of the eight reservoirs, such as the areas, the minimum and the maximum storage, the maximum released capacity and the cost of water storage. Groundwater project can pump the groundwater for drinking, production and irrigation. The water lifting project can pump the water from the lake Dianchi for production and irrigation. Table S3 of the supplementary material presents the parameters related to the groundwater and the water lifting projects. Moreover, municipal and industrial wastewater are treated by wastewater treatment plants, and the outputs of wastewater treatment plants flow into a sewage pipe buried in the lake shore and discharge outside of the lake Dianchi watershed.
Lake Dianchi has a surface area of more than 300 km 2 and an average depth of 4.4 m (Dai et al. 2015) . It receives the fresh water from reservoirs and Niulanjiang water transfer project. Figure 3 presents the linear relationships between the water level and the area, the volume, and the maximum outflow capacity. In 2010, the evaporation from the lake surface was 1145 mm, which was more than the value of on-lake precipitation (i.e., 869 mm). Also, approximate 276.6 × 10 6 m 3 of the rainfall runoff generated in the watershed merged into the lake Dianchi. To prevent flooding and meet the water demand of local ecosystems, the Kunming Water Affairs Bureau sets the following water level management rules: (i) during the pre-flood season from May to June, the water level must be controlled between 1887.0 and 1887.2 m; (ii) during the main flood season from July to September, the water level must be below 1887.0 m; (iii) during the later flood season of October, the water level must be controlled between 1887.0 and 1887.2 m; (iv) during the non-flood season, the water level will continue to rise from November to March of the next year, and it will reach the highest level (i.e., 1887.4 to 1887.5 m) in March. From March to April, the water level will drop to between 1887.2 to 1887.3 m.
Lake and Reservoir Water Balance Modeling
Monthly changes in lake volume were calculated using the water balance equation combined with quantitated area-volume-level relationships. The dynamic lake water balance equation can be expressed as follows (Troin et al. 2010) :
where Δt is the monthly time step; L is the lake level; ΔV(L) is the lake volume variation and A(L) is the lake area, and both of them are the function of lake level; P is the on-lake precipitation; E is the evaporation from the lake's surface; Q in is the water inflow from the watershed; and Q out is the outflow of the lake. The reservoirs hold large volumes of water in the watershed. They are operated to meet downstream water demands. The continuity equation is central to reservoir operation (Daneshmand et al. 2014) :
where Δt is the monthly time step; ΔS is the variation of the reservoir storage volume; I is the inflow to the reservoir; RD is the released water volume from the reservoir; L is the volume of water lost from the reservoir, such as evaporation and spillage.
Fuzzy Credibility Chance-Constraint Programming Model
In this work, we are interested in the fuzzy credibility chance-constraint programming problem, which is characterized through using credibility measures for handling the fuzzy parameters of the constraints due to the fuzzy nature of the parameter (e.g., allowable water where x j is the decision variable; c j is the cost coefficient; a ij is the technical coefficient;b i is the right-hand side fuzzy coefficient; γ i denotes the acceptable credibility level predefined by the decision maker; Cr denotes the credibility that a fuzzy event (i.e., ∑ is given as follows:
where r is a real number. Let u be a real number, and the definition of possibility and necessity measure for a fuzzy event (i.e., b i ≥r) can be expressed as follows (Dai et al. 2014 ):
The advantage of credibility measure is that it is self-dual while both possibility and necessity are not. Self-dual property is important for a measure both in theory and in practice (Liu and Liu 2002) . Credibility measure is more suitable to represent the chance of a fuzzy event than possibility does. The credibility measure (i.e., Cr) is an average of the possibility measure and the necessity measure. Thus, the credibility ofb i ≥r can be expressed as follows:
a ij x j be replace by s i . Then, constraints (2b) can be represented as follows:
Normally, a significant credibility level should be greater than 0.5. Thus, on the basis of credibility, for 1 ≥μb i ≥γ i ≥0:5, we have:
Through substituting ∑ J j¼1 a ij x j for s i , model (2) can be linearized as follows:
subject to:
Fuzzy Credibility Chance-Constraint Programming for Conjunctive Water Use
Considering the present water resources problems, increasing demands of the lake Dianchi watershed and excessive withdrawal for water supply demands, natural conditions of the lake will be gradually deteriorated. A decision maker is responsible for optimizing the conjunctive use of the four water resource projects, to meet water demands for drinking, production and irrigation, and to adjust the influent freshwater to preserve the natural conditions and prevent the flooding disasters for the lake. The objective of the model is to minimize the total water use cost, including the transfer cost of the water transfer projects, the storage cost of the reservoir storage projects, the pumping cost of the groundwater projects and the lifting cost of the water lifting projects. Thus, the objective function can be formulated as follows:
where i is the name of the administrative district, i = 1 , 2 , 3 , 4, where i = 1 for downtown Kunming, i = 2 for Guandu district, i = 3 for Chenggong district, and i = 4 for Jinning district; j is the water user, j = 1 , 2 , 3, where j = 1 for municipal user, j = 2 for industrial user, and j = 3 for agricultural user; t is the planning month, t = 1 , 2 , . . . , 12; l is the name of reservoir, where l = 1 , 2 , . . . , 8 successively denote the SH, BX, GL, SM, HC, CH, SL and DH reservoir; CQ, CN and CZ are the unit cost of the Qingshuihai, Niulanjiang and Zhangjiuhe water transfer project, respectively ($/m 3 ); CR l is the unit cost of the l th reservoir ($/m 3 ); CG and CL are the unit cost of the groundwater project and the water lifting project ($/m 3 ); QH i , j , t is the water volume of the Qingshuihai water transfer project allocated to the j th water user of the i th administrative district during the t th month (m 3 ); NJ t is the water volume of the Niulanjiang water transfer project allocated to the lake Dianchi during the t th month (m 3 ); ZH j , t is the water volume of the Zhangjiuhe water transfer project allocated to the j th water user of the downtown Kunming during the t th month (m 3 ); RD l , t is the volume of water allocated to water users of the l th reservoir during the t th month (m 3 ); AR l , t is the volume of water released into the lake of the l th reservoir during the t th month (m 3 ); GW i , j , t is the volume of groundwater allocated to the j th water user of the i th administrative district during the t th month (m 3 ); LW i , j , t is the volume of lake water allocated to the j th water user of the i th administrative district during the t th month (m 3 ). The constraints are a number of inequalities to define relationships among various decision variables and systems conditions, which relate to water balance of the four water resource projects, lake operational rule, and allowable water deficiency conditions. In detail, the constraints can be formulated as follows:
(i). The following constraints (10a) to (10d) are used to ensure the normal operation of reservoirs, (ii). In the lake Dianchi watershed, some reservoirs need to supply water not only for the local water users but also for the foreign water users. For example, The BX reservoir is located in the Guandu district, and it needs to supply water to the water users in Guandu district and the water users in downtown Kunming as well. The following constraints (11a) to (11 h) are used to reflect the water balance relationship between the multiplereservoir and multiple-water user,
where SK j , t , BK j , t , DK j , t and CK j , t are the volume of water allocated to the j th water user of the downtown Kunming from the SH, BX, DH and, CH reservoirs, respectively (m 3 ); BG j , t is the volume of water allocated to the j th water user of the Guandu district from the BX reservoirs (m 3 ); GC j , t , SC j , t and HC j , t are volume of water allocated to the j th water user of the Chenggong district from the GL, SM and HC reservoirs, respectively (m 3 ); DJ j , t , CJ j , t and SJ j , t are the volume of water allocated to the j th water user of the Jinning district from the DH, CH and SL reservoirs, respectively (m 3 ).
(iii). Constraints (12a) to (12c) require that the water volume of the water transfer projects should be less than or equal to the maximum water transfer capacity,
where QJ max , QL max and QS max are the maximum water transfer capacity of the Zhangjiuhe, Niulanjiang and Qingshuihai water transfer project, respectively (m 3 /s); (iv). Constraint (13) requires that the volume of groundwater allocated to the water users should be less than or equal to the maximum water pumping capacity of the groundwater project, GW i; j;t ≤GQ i; j;max ; ∀i; j; t ð13Þ
where GQ i , max is the maximum water pumping capacity of the groundwater project (m 3 ); (v). Constraint (14) requires that the volume of lake water allocated to the water users should be less than or equal to the maximum water lifting capacity of the water lifting project, LW i; j;t ≤LQ i; j;max ; ∀i; j; t ð14Þ
where LQ i , max is the maximum water lifting capacity of the water lifting project (m 3 );
(vi). Constraint (15a) sets a tolerance upper limit for the water deficiency condition, and it reflect the credibility of the water deficiency ratio less than or equal to a given fuzzy value, Cr max 0; W D i; j;t −W S i; j;t W D i; j;t ≤η j ≥λ; ∀i; j; t ð15aÞ
where λ denotes the predetermined credibility level;η j is the allowable water deficiency ratio for j th water user, which is a triangular fuzzy variable that is fully determined by the triplet ). According to the water distribution system of the lake Dianchi watershed, WS i , j , t can be calculated by the following equation:
W S i; j;t ¼ LW i; j;t þ GW i; j;t þ SK j;t þ BK j;t þ DK j;t þ CK j;t þ QH i; j;t þ ZH j;t ; if i ¼ 1; LW i; j;t þ GW i; j;t þ BG j;t þ QH i; j;t ; if i ¼ 2; LW i; j;t þ GW i; j;t þ GC j;t þ SC j;t þ HC j;t þ QH i; j;t ; if i ¼ 3; LW i; j;t þ GW i; j;t þ DJ j;t þ C J j;t þ S J j;t ; if i ¼ 4:
(vii). The following constraints (16a) to (16e) are used to ensure the normal operation of the lake Dianchi,
where L t is the water level of the lake at the beginning of the t th month (m 3 ); V t is the water volume of the lake at the beginning of the t th month (m 3 ); ΔV t is the varying water volume of the lake during the t th month; IN t is the lake inflow volume during the t th month (m 3 ); AV t is the lake outflow volume during the t th month (m 3 ); P t and E t are the on-lake precipitation and evaporation of the lake during the t th month, respectively (m); A t is the lake surface area during the t th month (m 2 ); L t , min and L t , max are the minimum and maximum allowable water level of the lake during the t th month, respectively (m); L * is the water level of the lake at the end of the 12 th month (m); ν is the allowable change ratio between the water level at the beginning of the 1 th month and the volume of water at the end of the 12 th month; RP t is the surface runoff during the t th month (m 3 ); AV t , max is the maximum lake outflow volume during the t th month (m 3 /s). In constraints (16a) and (16e), the variables (i.e., V t , A t and AV t , max ) are the function of lake level (i.e., L t ).
According to the fuzzy credibility chance-constraint programming method, constraint (15a) can be converted into the following constraint:
Results and Discussions
The conjunctive use plans should state the optimal water allocation amounts from the four water resource projects (i.e., groundwater, water lifting, water transfer, and reservoir storage projects) to the water users in each district. Table S4 of the supplementary material shows the monthly water-allocation solutions for the groundwater project under multiple credibility levels (λ). Under a certain credibility level, water demands at different districts and the interactive effects among various system components are major factors affecting conjunctive use schemes. For the groundwater project, the water user would be receiving the mutational amount of water in a number of months. For example, at the credibility level of 0.55, 7.67 × 10 6 m 3 of water would be pumped to the industrial user in downtown Kunming in March; while such water user would not be receiving water in the rest of months. Moreover, the municipal user in the downtown Kunming would be receiving the highest amount of water during April (i.e., 11.13 × 10 6 m 3 ). This is mainly because the largest water demand and the largest pumping capacity for the municipal use of downtown Kunming. Table S5 of the supplementary material presents the monthly water-allocation solutions for the water lifting project under multiple credibility levels. The results indicate that the unit cost of water resource also poses a notable influence on the planning results. Water users of Guandu district would lift more lake water than those of Chenggong district. This is due to the fact that the unit cost of water lifting project is less than that of BX reservoir located in the Guandu district, and more than that of GL, SM and HC reservoirs located in the Chenggong district. Table S6 of ). This is mainly because a small amount of freshwater transferred into the lake during the flood season can reduce the risk of lake flooding, and lager amount of freshwater transferred into the lake during the non-flood season can improve quality of the lake water eco-environment.
One of the primary tasks of conjunctive use management is to obtain the operational rules of the reservoir storage projects. Table S7 of the supplementary material presents the waterallocation solutions from the reservoir storage projects to the water users under multiple credibility level. It is indicated that the water-allocation scheme is different in each district. When λ equals to 0.55, 1.59 and 5.69 × 10 6 m 3 of water would be allocated from the CH and BX reservoir to the municipal user in downtown Kunming during the February, respectively. Comparatively, during the same period, 0.57 × 10 6 m 3 of water would be allocated from the SL reservoir to the municipal user in the Jinning district. Also, the value of λ may affect optimum of water-allocation schemes. For the industrial user in the Jinning district, the July water volume from the reservoir would be 0.46 × 10 6 m 3 of DH and 1.39 × 10 6 m 3 of CH, 0 and 1.74 × 10 m 6 of SL when λ equals to 0.55, 0.75 and 0.95, respectively. Figure 4 shows the optimal monthly water storage volume for the 8 reservoirs under λ equals to 0.75, where the similar results under λ equals to 0.55 and 0.99 are detailed in the supplementary material (Figs. S1 and S2 ). It appears that the storage volume of reservoirs would experience a decrease from the March to June, falling to the bottom in the July. Then, it would increase from the August to the February of the next year. For instance, at the credibility level of 0.75, the storage volume of CH reservoir would be 14. 01, 6.10 and 13.19 × 10 6 m 3 in March, July, and December, respectively. This is due to the fact that the water demand of the agricultural user would be increasing from March to July, and decreasing from August to the February of the next year. Table S8 of the supplementary material shows the optimal water volume released from reservoirs to the lake Dianchi under multiple credibility levels (λ). It is indicated that the water released plans would be different in each month. For example, at the credibility level equals to 0.55, 38.9 and 0.13 × 10 6 m 3 of water would be released from the SH reservoir during the May and July, respectively.
Following the lake's water level management rules set by the Kunming Water Affairs Bureau, Fig. 5 presents the optimal operational rules of water level for the lake Dianchi under multiple credibility level. At the credibility level of 0.55, the water level of the lake would be increasing from the 1887.31 m of January to the 1887.34 m of February, then decreasing from the 1887.40 m of March to the 1886.75 m of July, and finally increasing from the 1886.81 m of August to 1887.23 m of December. When the credibility level equals to 0.75, the minimum water level would be 1886.94 m, which would be less than the one under λ = 0.55. Moreover, the minimum water level would reach during the July. This is mainly because the lake should lower the water level for preventing the lake flooding. As the other measure taken to manage the lake Dianchi, the results also imply the optimal outflow volume for the lake (as shown in the Figs. S3 of the supplementary material). The larger outflow would occur during the June, July or August. For example, at the credibility level of 0.55, the outflow of lake would be 61.20 and 33.75 × 10 6 m 3 in the June and July, respectively; while the outflow in other months would be less than 7.0 × 10 6 m 3
. At the credibility level of 0.95, the outflow of lake would be 34.45and 63.75 × 10 6 m 3 in the July or August, respectively; while the outflow in other months would be less than 8.0 × 10 6 m 3 . Figure 6 presents the annual water balance analysis for the watershed-lake system under multiple credibility levels. At the credibility level of 0.55, the annual water volume allocated to the water users would be as follows: (i) 105.43 and 89.07 × 10 6 m 3 of water transferred from the water transfer projects to municipal and industrial users, respectively; (ii) 25.58 and 13.32 × 10 6 m 3 of water pumped from the groundwater project to municipal and industrial users, respectively; (iii) 27.25 and 93.73 × 10 6 m 3 of water lifted from the lake Dianchi to industrial and agricultural users, respectively; and (iv) the transfer cost of the water transfer projects, the storage cost of the reservoir storage projects, the pumping cost of the groundwater projects and the lifting cost of the water lifting projects. It is indicated that, at the credibility level of 0.55, the transfer cost would be $59.93 × 10 6 (or 75.0 % of the water use cost); the storage cost would be $13.36 × 10 6 (or 16.7 % of the water use cost); the pumping cost would be $3.16 × 10 6 (or 4.0 % of the water use cost); and the lifting cost would be $3.47 × 10 6 (or 4.3 % of the water use cost). The results also indicate that the total water use cost would be increasing when the credibility level increase. This is because, when λ increase, the allowable magnitude of constraints violation (e.g., the water deficiency ratio lager than an allowable value) would become more strict, leading to a more water use cost to reduce the risk of water deficiency. Conversely, a lower credibility level means a more tolerable constraint, and consequently the less cost need be spent to supply water to the municipal, industrial and agricultural users due to a wider decision space.
Conclusions
In this research, a large-scale inexact optimization method is developed for the conjunctive use management of a watershed-lake water distribution system. The objective of the optimization method was the minimization of the total water use cost, including the transfer cost of the water transfer projects, the storage cost of the reservoir storage projects, the pumping cost of the groundwater projects and the lifting cost of the water lifting projects. The constraints can consider the water balance of multi-reservoirs, satisfy the municipal, industrial and agricultural water demands in the multi-period, reflect the relationship among multi-reservoirs, multiple water-related projects, and multi-users, and maintain the operational rules of water levels in the lake. Moreover, through integrating the fuzzy credibility chance-constrained programming, such method could also handle uncertainties expressed as fuzzy membership functions. Thus, the innovation of this research is that it has dealt with a new concept for water resources management of two interrelated water ecosystem (i.e., watershed and lake) under fuzzy uncertainty.
The developed method has been applied to the conjunctive water resources management in the lake Dianchi watershed, China. Firstly, we identified the cost-effective water allocation Fig. 7 Cost analysis under multiple credibility levels schemes for the 4 water resource projects. Secondly, we investigated the optimal operational rules for the lake and multiple reservoirs. Then, we analyzed annual water balance and water use cost for the watershed-lake system. And finally, we discussed the optimization results under different credibility levels of meeting the water demands for municipal, industrial and agricultural users. This research is the first application of the large-scale inexact optimization method to conjunctive use planning for a watershed-lake system, and the results suggest that it is an effective tool for decision makers of watershed management. However, such a method would encounter difficulties when the model's coefficients are associated with more complex uncertainties (e.g., the random feature of the reservoir inflow), thus the future studies on incorporating stochastic mathematic programming methods within its framework are desired.
